One of the fundamental properties of spores which is of paramount interest to the food microbiologist is their extraordinary thermal resistance. In the canning of food products, the commercial thermal process, in order to be successful, must rid the product completely of the spores of Clostridium botulinum, and nearly so of all other types commonly associated with the raw material or encountered on the processing equipment.
One of the fundamental properties of spores which is of paramount interest to the food microbiologist is their extraordinary thermal resistance. In the canning of food products, the commercial thermal process, in order to be successful, must rid the product completely of the spores of Clostridium botulinum, and nearly so of all other types commonly associated with the raw material or encountered on the processing equipment.
The basic experimental work necessary to establish a thermal process for a given food includes a determination of the thermalresistance of the resistant microorganism of significance in that food product. The mode of and the factors affecting the thermal resistance of a given type of spore must be comprehended and appreciated before a final and reliable thermal process can be established. Among economic loss. The spores of this organism, in nature, exhibit a variable resistance to the conventional thermal processes recommended for such acid foods. The present study was initiated for its possible theoretical and practical assistance in understanding some of the aspects about the complex nature of the thermal resistance of this particular organism. The effect of the type of nutrient growth medium and of the hydrogen ion concentration in the growth medium on the thermal death rate of the spores of B. coagulans var. thermoacidurans was evaluated. The studies on the effect of pH also demonstrated an effect of the phosphate level in the growth and sporulation medium on the thermal resistance of the respective spore harvests.
Several investigators have demonstrated that the type of nutrient growth medium has a definite influence on the thermal resistance of the spores produced (Burke, 1919; Williams, 1929; Sommer, 1930; Cameron, 1931; Stuhrk, 1935; Heigener, 1935; Curran, 1935; Townsend et al., 1938; Vinton et al., 1947; Lund, 1949; Sugiyama, 1951) .
The effect of the hydrogen-ion concentration in the growth medium, although a factor of primary importance, has been the least studied. Williams (1929) , using a buffer-free medium adjusted to different pH levels, found no difference in the thermal resistance of the spores produced. Such a finding, however, would not be conclusive evidence, as it is probable that during the early stages of vegetative growth the different initial pH's of his cultures changed rapidly and leveled off at nearly the same pH; this final pH could have been the pH of the cultures during sporulation.
As to the phosphate level in the growth medium, both Williams (1929) and Sommer (1930) Smith et al. (1952) . All the six cultures conformed fairly well to the classical properties reported for B. coagulans (Breed et al., 1948; Smith et al., 1952 In each individual case presented in the outline above, two duplicate harvests were produced and two duplicate thermal death rate determinations were made on each harvest.
Method of studying thermal resistance. Apparatus. Figure 1 presents a schematic diagram of the apparatus used. It was similar to that used by Malin (1952) , and Kaufmann and Andrews (1954) , except for a few modifications. It consisted of an 8-gal primary heating bath (PHB) which aTomato juice agar consisted of tomato juice, 10 per cent; KH2PO4, 0.5 per cent; agar, 2 per cent. Final pH was adjusted to pH 5 using KOH.
4Corn concoction agar consisted of sweet corn extract (10 g corn + 100 ml water, blended 3 to 5 min, and strained through 2 layers of cheese cloth), 10 per cent; KH,PO4, 0.5 per cent; agar, 2 per cent. Final pH was adjusted to pH 5 using KOH. frame, which locked in the plunger and thus prevented its extrusion while injecting the inoculum into or sampling from the RC with a high internal pressure. Procedure. About 300 ml of phosphate buffer was introduced into the RC. The RC was sterilized at 120 C for 15 min, cooled slowly down to about 100 C, quickly assembled and suspended showed a distinct deviation from the straight line. These points were omitted on the basis that they occurred due to extrinsic factors and would not disprove the inherent linearity of the survivor curve. The remaining points were fitted to a least-squares-deviation line using the method of linear regression. Linear regression coefficients were then subjected to the analysis of variance to test the significance of the differences within each tested group. The thermal death rate constants Kg and DI were also computed from the corresponding regression coefficients.
RESULTS AND DISCUSSION
Effect of nutrient growth medium. Table 1 lists the computed thermal death rate constants, K and D. Table 2 summarizes the tests of significances of the differences among these computed constants. The differences seen in table 1 corresponding to the three growth media turned out to be statistically insignificant, as shown in table 2. The differences were not high enough to surpass the significant variation encountered between duplicate harvests grown on the same medium. Figure 2 illustrates the shape of the survivor curves will be discussed in a later publication.
The complexity of the growth media tested makes it possible, and even probable, that different factors of contradictory influence on the thermal death rate are operating in each separate case, and that the exhibited thermal death rate of the spore suspension is the net result of all of these contradictory factors. Hence, although the final death rate constants are not significantly different, the operative factors in the case of each growth medium might be different. Another possibility exists: a difference in thermal death rates might be induced by these various growth media if the spores were cultured on the same medium several generations before their thermal death rate was determined.
Effect of hydrogen-ion concentration. In studying the effect of pH upon complex biological phenomena such as bacterial growth, sporulation, and death, the problem of maintaining the initial levels of pH constant throughout the test has been frequently encountered. In cases where a liquid medium is used, the pH can readily be controlled by means of automatic recording pH controllers. Such a technique, however, could not be used for the present investigation since spore production by our test organism in liquid medium, with or without aeration, was found to be extremely poor. It was, therefore, necessary to attempt to control the level of pH in the solid agar medium by the addition of buffering material. Different lots of 10 per cent tomato juice agar slants, containing different initial concentrations of KH2PO4 and adjusted to several initial pH levels, were prepared. Slants were then inoculated in the standard manner, incubated at 45 C, and examined every other day for growth, sporulation, and change in pH over a 7-day incubation period. excellent, over the range of initial pH 4.5 to 6.5, but the buffering capacity of the growth medium was inadequate for our purpose. With 1 per cent KH2PO4 no growth was observed below the initial pH 5. However, growth and sporulation as well as the buffering capacity of the growth medium were satisfactory over the range of initial pH 5 to 7. The medium containing 2 per cent KH2P04 markedly suppressed the growth below pH 6.5. Accordingly, it was decided to use the 10 per cent tomato juice agar containing 1 per cent KH2P04 for the studies on the effect of hydrogen ion concentration. Table 4 lists the computed thermal death rate constants K and D obtained at the different pH levels. Table 5 summarizes the tests of significance of the differences in these computed constants. The differences in death rate constants, which appear in table 4 for the spores produced at the three pH levels, turned out to be sta- Further investigation is warranted to explain this phenomenon. Effect of phosphate concentration. An examination of the thermal death rate determinations, made on spores grown on tomato juice agar at pH 5, shows that they can be divided into two groups according to the initial amount of KH2PO4 added to the growth medium. In one group the medium contained 0.5 per cent, whereas in the other it contained 1.0 per cent KH2PO4. Table 6 lists the computed thermal death rate constants K and D obtained at each of the two phosphate levels. The statistical F and P of the difference between the two groups is also reported. It is evident that the initial level of phosphate, added to the growth medium, significantly affects the thermal death rate of spores produced. Doubling the amount of phosphate markedly reduced the thermal resistance of the spores.
Hober (1945) pointed out that in a colloidal system the negatively charged groups may be linked through calcium ions to give a stronger linkage between colloidal units than through mono-valent ions. Sugiyama (1951) 
SUMMARY
The purpose of this study was to evaluate the effect of several environmental factors, existing during growth and sporulation, on the thermal death rate of BaciUus coaulans var. themoacidurans ATCC no. 8038. The factors investigated were the type of the nutrient growth medium and the pH in the growth medium. In addition, the hydrogen ion studies provided information on the effect of the phosphate level in the growth medium. Duplicate spore harvests were produced for each test condition. Duplicate thermal death rate determinations were made on each spore harvest. Data were treated statistically to obtain the best estimate of the thermal death rate constant and to establish the level of significance of the differences in death rates, if any. Neither the type of nutrient growthmedium nor its pH had a significant effect on the death rate of the spores produced. On the other hand, the initial phosphate concentration in the growth medium exhibited a highly significant effect. A higher phosphate level markedly depressed the thermal resistance of the spores. The results also emphasized the fact that adequate replication of the spore harvests as well as the thermal death rate determinations is necessary for the evaluation of spore thermal resistance.
